INTRODUCTION {#sec1-1}
============

Measuring the loads exerted on the assistive device is a fundamental part of design.\[[@ref1]--[@ref7]\] Measuring is possible using strain gauge system or appropriate transducer.\[[@ref8][@ref9]\] A strain gauge is an electronic device, which converts the mechanical energy into electrical signal.\[[@ref9]\] The construction of strain gauge and transducer for anatomical force measurement was first described in 1952 by Cunningham and Brown.\[[@ref10]\] These authors described both a transducer for incorporation in a prosthesis limb and a device known as force plate or force platform.

Strain gauge technology has been widely used to measure the absolute value of the loads exerted on the assistive devices. However, there are some sources of errors, which influence the final results. The two main sources of error associated with the use of strain gauge include: Absolute error, which influence the overall accuracy and random error, which affects its replication.\[[@ref8]--[@ref10]\] Random errors are easier to detect as they manifest themselves in the inability of the system to give repeatable data. They are usually tested by repeating the test under the same conditions. Controversy in the reading represents the low level of replication. However, for the accuracy, the strain gauge configuration need to be calibrated against a known load.\[[@ref9]\]

Although strain gage have been used in many research studies, a few researchers have calibrated it before using in their main research studies.\[[@ref10]--[@ref16]\] There are two main approaches to convert the output of strain gauge into the mechanical loads, which include using available equations in this regard and calibrate the strain gauge.\[[@ref9]\] It is not clear for us that how much is the accuracy of the first method in contrast to calibration, which is a standard method. Therefore, the aim of this research is to find the accuracy of the first method in contrast to calibration method. Moreover, our aim was to find the magnitude of error associated with this method regarding the output of strain gauge attached on the orthosis while walking.

MATERIALS AND METHODS {#sec1-2}
=====================

In order to measure the loads exerted on the orthosis while walking, some strain gauge were attached on the lateral bar of a Reciprocal Gait Orthosis. A foil strain gauge, purchased from Showa Measuring Instrument Company,\[[@ref17]\] was attached on the lateral bar of the orthosis using special glue recommended by manufacturer, [Figure 1](#F1){ref-type="fig"}. Reference lines were drawn on the lateral bar using of a hard pen. Three bridge strain gauges were connected by special 4 wire ribbon cable to a 25 way terminal plug. The output of amplifier was connected to a DAQ card inserted in a laptop.

![The strain gauge attached on the lateral bar of the orthosis and the designed Reciprocal gait Orthosis](JMSS-2-225-g001){#F1}

Procedure Undertook for Calibration {#sec2-1}
-----------------------------------

Static calibration involves the application of loads along the axis of a strain gauge or transducer and recording the output was used.\[[@ref1][@ref3][@ref9]\] The weights were made to high degree of accuracy, which exceeds the value required for calibration. The outputs give information on calibration coefficients, which were used to convert the output into the force and moments.

Calibration for the Bending Moments {#sec2-2}
-----------------------------------

The bar of the orthosis was located horizontally in a calibration jig using special part manufacturing for this purpose, [Figure 2](#F2){ref-type="fig"}. The channel to be calibrated was preloaded in both positive and negative directions to remove any irregularities in the strain gauge and at coupling of bar and jig. The weights were put on the holder in a sequence order. The numerical output of strain gauge collected using Lab view software was in millivolts. It was adjusted by considering the bridge voltage and gain for each channel.\[[@ref18]\]

![The strain gauge calibration for the moments](JMSS-2-225-g002){#F2}

In order to calibrate the strain gauge for axial force (compression force), the bar of the orthosis was positioned vertically in special component design, [Figure 3](#F3){ref-type="fig"}.

![The calibration of strain gauge for the axial force](JMSS-2-225-g003){#F3}

In this research, strain gauge system has 3 channels, the output signal, the measured output voltages is a direct function of the input signal L~j~ = (j = 1, 2, 3), the applied loads. For an accurately designed strain gauge system, the following equation can be used.\[[@ref1]--[@ref3]\]

\[S\]=\[C\]\[L\]      (1)

Which \[S\] is the output signal in volts, \[C\] is the calibration co-efficient, and \[L\] is the input applied load.

The equation (1) can be expressed into the following matrix.\[[@ref17][@ref18]\]

![](JMSS-2-225-g004.jpg)

Subjects {#sec2-3}
--------

Five normal subjects were recruited in this research project. They had no deformity or contraindication to stand and walk based on the past medical records. The mean values of their age, height, and their mass were 24 ± 6 year, 1.76 ± 0.023 meter, and 75.35 ± 10.75 kg, respectively.

Calculation of the Loads Based on the Available Equations {#sec2-4}
---------------------------------------------------------

The magnitude of the force exerted applied on the lateral bar of the orthosis was determined based on the following equations:\[[@ref9][@ref17][@ref18]\] The equation 3 and 4 represents stress.

![](JMSS-2-225-g005.jpg)

By equaling the equation 3 and 4, the 5 equation has been derived.

![](JMSS-2-225-g006.jpg)

Also, the relation between input and output voltage and strain has been shown in equation 6 (9).

![](JMSS-2-225-g007.jpg)

By equaling the equation 5 and 6, the 7 equation has been derived.

![](JMSS-2-225-g008.jpg)

Where *σ, ε, K, A, E, F~yo~, V~out~, V~in~* are stress, strain, gauge factor, area, young modulus, the axial force applied on orthosis, output voltage, and input voltage, respectively. The magnitude of V~in~for the axial force, A, E, and K were 6 volt, 496 × 10^--6^ *m*^2^, 70 × 10^9^, (Pascal), and 2.02, respectively. By using the values of A, E, and K, the final following equation was achieved.

![](JMSS-2-225-g009.jpg)

The anteroposterior bending moment was calculated based on the following equations (9).

![](JMSS-2-225-g010.jpg)

The magnitude of *V~in~* for the bending moments was 3 volts; therefore, the final equation was as followed, where, V~out~ is in millivolt.

![](JMSS-2-225-g011.jpg)

For the medio-lateral moment, the following equation has been used.\[[@ref9]\]

![](JMSS-2-225-g012.jpg)

The magnitude of v~in~ for the bending moments was 3 volts; therefore, the final equation was as follow, where, v~out~ is in millivolt.

![](JMSS-2-225-g013.jpg)

The calibration factor for each channel was obtained in units of mV/N for axial force and mV/Nm for the bending moments by performing linear regression, [Figure 4](#F4){ref-type="fig"}. The behavior of strain gage can be determined based on the following equation:

![](JMSS-2-225-g014.jpg)

![Calibration of the strain gauge for M~z~ as the main channel and showing the crosstalk in M~x~ and F~y~](JMSS-2-225-g015){#F4}

The equation 14 shows a direct and linear correlation between the magnitude of applied moment, and output voltage has been established. A regression line was fitted to principal calibration co-efficient to check for linearity and also hysteresis.

The voltage output was platted against the input load to check for linearity. The crosstalk of strain gauge, regarding the anteroposterior moment, can be seen in [Figure 4](#F4){ref-type="fig"}. The following equations have been used to convert the output of strain gauge into force and moments (based on calibration results).\[[@ref19][@ref20]\]

In the equation 16, 17, and 18, the SF~y~, SM~x~, and SM~z~ represents the output voltage, respectively, from channel F~y~, M~x~, and M~z~. The coefficients in the following equations were obtained by comparing the applied loads and the outputs of the strain gauge channels.

![](JMSS-2-225-g016.jpg)

The able-bodied subjects received 2 training session including donning and doffing the orthosis, standing, and walking (each session for 1 hour). For tracing the movement of the subjects, an array of 7 high-speed camera was used produced by Qualysis company. Moreover, the force applied on the leg was measured by a Kistler force plate. Sixteen markers (with 14 mm diameter) were attached to the right and left anterior superior iliac spines (ASIS), right and left posterior superior iliac spines (PSIS), right and left medial and lateral malleolus, right and left medial and lateral sides of the knee joints, and first and fifth metatarsal heads. Knee markers were attached on the skin of the medial and lateral sides of the knee joint while the subjects wore the orthosis. Moreover, 4 marker clusters comprising of 4 markers attached on the rhomboid plates were attached to the anterolateral surfaces of the legs and thighs by use of extensible Velcro straps. The subjects were asked to walk along a level surface to collect 5 successful trials. The collected data were filtered (Woltring filter with frequency of 10 Hz) and split to gait cycle interval using heel strike data.

RESULTS {#sec1-3}
=======

The force and moments exerted on the orthosis while walking were calculated based on the 2 mentioned procedures (the force and moments were normalized by body weight and body mass, respectively). As it is observed in [Table 1](#T1){ref-type="table"}, the magnitude of the loads exerted on the orthosis differed between the 2 methods. The mean values of flexion moment obtained from using equations and by calibration were 0.052 ± 0.032 and 0.0366 ± 0.03, respectively, (*P* = 0.15). The magnitude of extension moment differed significantly between the 2 methods (*P* = 0.018). The magnitude of compression force obtained from calibration was significantly more than that of using equations. Figures [5](#F5){ref-type="fig"}--[7](#F7){ref-type="fig"} show the pattern of the loads exerted on the orthosis, while walking, and calculated by 2 methods.

###### 

The mean values of the applied loads on the orthosis while walking based on the 2 methods

![](JMSS-2-225-g017)

![The pattern of the axial force exerted on the orthosis based on the 2 methods, HS is the abbreviation for heel strike](JMSS-2-225-g018){#F5}

![The pattern of the mediolateral moment exerted on the orthosis based on the 2 methods, HS is the abbreviation for heel strike](JMSS-2-225-g019){#F6}

![The pattern of the anteroposterior moment applied on the orthosis based on the 2 methods. The main reason for the difference between the moments obtained from 2 methods related to the crosstalk, which was removed by calibration, HS -- Heel strike](JMSS-2-225-g020){#F7}

In the first method, the loads were determined based on the commonly used equations mentioned above. In contrast, in the second method, the calculation was based on the coefficients obtained from calibration procedure.

DISCUSSION {#sec1-4}
==========

Calibration is a procedure, in which an acceptable standard is compared against an unknown quality; it is used to determine the accuracy of a method or tool. Although there are 2 ways to undertake the calibration, the static calibration is recognized as a standard and more accurate in methods.\[[@ref9]\] The accuracy of this method depends on accuracy of the procedure and weights. Bridge non-linearity and uncertain ability of gauge factor are the 2 most important sources of error of strain gauge. The gauge factor has been determined based on information presented by the supplier.

The linearity of strain gauge configuration can be determined based on the results of calibration. As shown in [Figure 4](#F4){ref-type="fig"}, the voltage output was plotted against the input load; the system has a high degree of linearity.

Most of the researchers who used strain gauge measure, the loads applied on the orthosis have not calibrated it before data collection.\[[@ref11][@ref14][@ref15]\] However, the results of this research showed that determination the loads based on equation has some source of errors. Most of the researchers do not consider the cross talk (application of the load in one channel produces output in other channels). Based on the results of this research, there was a significant difference between the output of strain gauge determined using of equation and calibration for the extension moment and the compression force. The main reason is that the applied loads in one channel produce output in other channels as well. Therefore, it is concluded that the strain gauge system, used to determine the loads applied on an orthosis, must be calibrated before use.

The output of strain gauge method is used mostly to design various assistive devices for handicapped subjects. If the loads used in this regard have some errors, the designed assistive devices cannot fulfill their predicted roles and may have failure during walking. Therefore, it is strongly recommended to use the loads obtained based on calibration procedure. The magnitude of errors, associated with obtaining the loads based on equations, depends on the accurate locations of attached strain gauges and could be decreased. However, it is not possible to remove the errors. It is the main reason that force plate needs to be calibrated annually by use of standard weights to remove the cross talk.

CONCLUSION {#sec1-5}
==========

Calibration of strain gauge has not been done in most of the research studies regarding the loads exerted on the assistive devices. However, it has been determined using equation. The results of this research indicated that the error of equation-based method is high, especially for the extension moment and compression force. Therefore, it is recommended to calibrate strain gauge according to the procedure mentioned in this research.
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